J Clin Invest. 2012;122(3):948-962. https://doi.org/10.1172/JCI60455. Individuals with Down syndrome (DS; also known as trisomy 21) have a markedly increased risk of leukemia in childhood but a decreased risk of solid tumors in adulthood. Acquired mutations in the transcription factor-encoding GATA1 gene are observed in nearly all individuals with DS who are born with transient myeloproliferative disorder (TMD), a clonal preleukemia, and/or who develop acute megakaryoblastic leukemia (AMKL). Individuals who do not have DS but bear germline GATA1 mutations analogous to those detected in individuals with TMD and DS-AMKL are not predisposed to leukemia. To better understand the functional contribution of trisomy 21 to leukemogenesis, we used mouse and human cell models of DS to reproduce the multistep pathogenesis of DS-AMKL and to identify chromosome 21 genes that promote megakaryoblastic leukemia in children with DS. Our results revealed that trisomy for only 33 orthologs of human chromosome 21 (Hsa21) genes was sufficient to cooperate with GATA1 mutations to initiate megakaryoblastic leukemia in vivo. Furthermore, through a functional screening of the trisomic genes, we demonstrated that DYRK1A, which encodes dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 1A, was a potent megakaryoblastic tumor-promoting gene that contributed to leukemogenesis through dysregulation of nuclear factor of activated T cells (NFAT) activation. Given that calcineurin/NFAT pathway inhibition has been implicated in the decreased tumor incidence in adults with DS, our results show that the same […] Individuals with Down syndrome (DS; also known as trisomy 21) have a markedly increased risk of leukemia in childhood but a decreased risk of solid tumors in adulthood. Acquired mutations in the transcription factor-encoding GATA1 gene are observed in nearly all individuals with DS who are born with transient myeloproliferative disorder (TMD), a clonal preleukemia, and/or who develop acute megakaryoblastic leukemia (AMKL). Individuals who do not have DS but bear germline GATA1 mutations analogous to those detected in individuals with TMD and DS-AMKL are not predisposed to leukemia. To better understand the functional contribution of trisomy 21 to leukemogenesis, we used mouse and human cell models of DS to reproduce the multistep pathogenesis of DS-AMKL and to identify chromosome 21 genes that promote megakaryoblastic leukemia in children with DS. Our results revealed that trisomy for only 33 orthologs of human chromosome 21 (Hsa21) genes was sufficient to cooperate with GATA1 mutations to initiate megakaryoblastic leukemia in vivo. Furthermore, through a functional screening of the trisomic genes, we demonstrated that DYRK1A, which encodes dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 1A, was a potent megakaryoblastic tumor-promoting gene that contributed to leukemogenesis through dysregulation of nuclear factor of activated T cells (NFAT) activation. Given that calcineurin/NFAT pathway inhibition has been implicated in the decreased tumor incidence in adults with DS, our results show that the same pathway can be both proleukemic in children and antitumorigenic in adults.
Introduction
Trisomy 21 is the most common cytogenetic abnormality observed at birth (about 1 out of 700 individuals) and one of the most recurrent aneuploidies seen in leukemia. As an acquired clonal chromosomal change, its incidence varies between 4.1% and 14.8% in hematological disorders and malignant lymphomas (1) . Supporting the link between trisomy 21 and abnormal hematopoiesis, epidemiological studies have shown that individuals with Down syndrome (DS) have an increased frequency of leukemia but a lower incidence of solid tumors (2) . Whereas recent studies implicated a subset of trisomic genes, including Erg, Ets2, Adamts1, and Dscr1, in tumor growth inhibition, in part through an altered angiogenesis (3) (4) (5) (6) , the role of trisomy 21, the initiating event in DS leukemogenesis, and the functional implication of specific genes at dosage imbalances that predispose to and/or participate in leukemogenesis remain unclear.
Children with DS are at an elevated risk of both acute megakaryoblastic leukemia (AMKL) and acute lymphoblastic leukemia (ALL) (7) . Moreover, epidemiological studies showed that approximately 4%-5% of children with DS are born with transient myeloproliferative disorder (TMD), a clonal preleukemia characterized by an accumulation of immature megakaryoblasts in the fetal liver and peripheral blood (8, 9) . Although TMD spontaneously disappears in most cases, TMD clones reemerge as AMKL in 20% of cases within 4 to 5 years (10) . Extensive research has focused on identifying genetic abnormalities correlated with the transformation process. In addition to trisomy 21, acquired mutations of the transcription factor GATA1 have been observed in nearly all TMD and DS-AMKL cases (11) (12) (13) . These GATA1 mutations, localized in exon 2, prematurely terminate translation of the full-length protein but allow for expression of a shorter isoform named GATA1s (11) . Underscoring the requirement for trisomy 21 in DS-AMKL, humans without DS but with germline GATA1 mutations, analogous to those seen in TMD and DS-AMKL, have no predisposition to leukemia (14) , and GATA1 mutations are not found in pediatric leukemia in the absence of trisomy 21. Other less frequent genetic abnormalities that lead to activation of myeloproliferative leukemia (MPL), JAK2, JAK3, and FLT3 have been identified in TMD/DS-AMKL samples (for review see ref . 7) . Supporting a model of oncogenic cooperation, expression of these single genetic abnormalities, such as MPL W515L, JAK3 A572V, or JAK2 V617F, alters proliferation and differentiation properties of megakaryocytes but fails to reproduce a DS-AMKL-like phenotype in vivo (15) (16) (17) (18) (19) (20) .
Mouse models of DS and studies of human tissues show that trisomy 21 is sufficient to perturb hematopoiesis and enhance megakaryocyte development. For example, analysis of human trisomic fetal livers revealed a cell-autonomous enhanced proliferation of the megakaryocytic and erythroid compartments (21, 22) . Furthermore, the Tc1, Ts65Dn, and Ts1Cje murine models for DS all display alterations of the erythro/megakaryocytic compartment, with Ts65Dn mice developing a progressive myeloproliferative disease (23) (24) (25) , further demonstrating the preleukemic role of trisomy 21. Due to the relatively high number of trisomic genes in these partially trisomic animal models, identification of specific leukemiapredisposing genes has been challenging. While several groups have implicated trisomy of Erg with the myeloproliferative phenotype in Ts65Dn mice, its specific association with human DS-AMKL compared with that with non-DS-AMKL remains unclear (26) (27) (28) (29) . Of note, none of the DS mouse models develop a TMD or AMKL-like phenotype, even when mated to mice harboring Gata1 mutations analogous to those observed in human specimens (24, 25) . These observations suggest that trisomy 21 and GATA1s expression are not sufficient to induce TMD or leukemia.
Here, to understand the functional implication of a partial trisomy 21, we used the Ts1Rhr murine model to recapitulate the progressive acquisition of genetic abnormalities seen in human DS specimens. We show that Ts1Rhr cooperates to some extent with Gata1s expression in fetal and adult hematopoiesis and that adding a third genetic event, expression of an activated allele of MPL that has been found in humans with DS-AMKL, induces megakaryoblastic leukemia in vivo. In addition, we demonstrate that dosage imbalance of the human chromosome 21 (Hsa21) gene DYRK1A, which encodes dual-specificity tyrosine-(Y)phosphorylation-regulated kinase 1A, itself implicated in several DS developmental abnormalities (30) and in the decreased solid tumor incidence in adults with DS (3), contributes to the
Figure 1
Ts1Rhr mice develop a progressive myeloproliferative disorder associated with thrombocytosis. (A) Monthly platelet (PLT) counts of euploid and Ts1Rhr mice. Mean ± SD. (B) H&E staining of bone marrow and spleen sections from old Ts1Rhr mice (>12 months) and wild-type mice (original magnification, ×400). The arrowheads point to megakaryocytes. (C) Histograms showing the percentages of myeloid progenitors of 12-to 14-month-old euploid and Ts1Rhr mice. CMP, Linc-kit + Sca -FcγRII/III -CD34 + ; GMP, Linc-kit + Sca -FcγRII/III + CD34 + ; MEP, Linc-kit + Sca -FcγRII/ III -CD34 -. Percentages of live cells are indicated. Mean ± SD. (D) Twelve-to fourteen-month-old Ts1Rhr bone marrow and spleen (SP) give rise to significantly more CFU-Mk colonies. Mean ± SD. (E) Histograms representing percentages of LSK populations and the percentage of CD34 hi in the LSK population. Mean ± SD. (F) Functional HSC frequency in the Ts1Rhr bone marrow (1 out of 66,182 cells) compared with that in wildtype bone marrow (1 out of 137,284 cells), assessed by competitive transplants 8 weeks after transplantation. Mean ± SD.
increased development of DS-AMKL in children. Since trisomy 21 is one of the most recurrent aneuploidies seen in hematological disorders, we believe that our findings will have implications beyond DS-AMKL, for malignancies such as hyperdiploid ALL and AML with acquired trisomy or tetrasomy of Hsa21.
Results

trisomic genes are sufficient to develop a progressive thrombocytosis.
We began by studying hematopoiesis in the Ts1Rhr trisomic mouse model of DS, which is trisomic for 33 orthologous genes in the human DS critical region (DSCR) and spans 65%-70% of a minimal region recently associated with DS-TMD/AMKL (31, 32) . Monthly analysis of complete blood counts revealed that Ts1Rhr mice have reduced red blood cell counts (Supplemental Figure  1A ; supplemental material available online with this article; doi:10.1172/JCI60455DS1) and develop a progressive thrombocytosis compared to their euploid littermates ( Figure 1A ). Moreover, these animals harbor an increased number of megakaryocytes, as demonstrated by histopathology and flow cytometry ( Figure 1B , Supplemental Figure 1B , and data not shown). Ts1Rhr mice have an altered proportion of myeloid progenitors, characterized by a shift from megakaryocyte-erythroid progenitors (MEPs) toward granulocyte-monocyte progenitors (GMPs) ( Figure 1C and Supplemental Figure 1C ) and an increased proportion of CFU-GM colonies (Supplemental Figure 1D ). Remarkably, the CFU-GM phenotype is reminiscent of that seen in both the Ts65Dn murine model of DS (23) and in human trisomic fetal liver cells (22) . Moreover, bone marrow and spleen Ts1Rhr cells displayed an increased ability to form CFU-megakaryocyte (CFU-Mk) colonies in vitro, but not erythroid BFU-Es, compared with that in their wild-type littermates ( Figure 1D and Supplemental Figure 1D ). Eight-to twelve-week-old trisomic mice also had an increased proportion of Lin -Sca + Kit + (LSK) cells ( Figure 1E ) but no significant variations in the LSK CD34 hi subpopulations (containing shortterm HSCs and multipotent progenitors) ( Figure 1E ). Through competitive transplant experiments in lethally irradiated mice, Ts1Rhr adult bone marrow cells appeared to be more functional than euploid ones ( Figure 1F ). In contrast to Ts1Cje mice and human samples, which display fetal hematopoietic abnormalities (21, 22, 24) , no striking hematopoietic defects were seen in E13.5 Ts1Rhr embryos, apart from the significant increase of phenotypic fetal HSCs (Lin -Thy1.1 lo Kit + Sca + Mac1 + CD4 -) (Supplemental Figure 1 , E and F, and ref. 33) .
Gata1s cooperates with Ts1Rhr in vivo. Having established that Ts1Rhr mice fail to develop leukemia, we next mated them with Gata1s knockin mice and assessed the oncogenic potential of these cooperating genetic events in vivo (15) . We did not observe significant variations in proportions of the 4 genotypes at birth or significant enhancement of the fetal megakaryopoiesis, apart from the size of CFU-Mk colonies ( Figure 2 In line with previous reports, these observations confirm that, unlike human fetuses, murine trisomic fetal livers cells expressing Gata1s mutant protein do not develop a TMD-like phenotype (25) . However, we observed that adult Gata1s/ Ts1Rhr mice were mildly anemic and developed a transient thrombocytosis (Table 1 and Supplemental Figure 4A ). Six-month-old double-transgenic mice displayed marrow fibrosis, with increased megakaryocytes present in clusters, splenomegaly, extensive extramedullary hematopoiesis, and an increased number of monocytes and megakaryocytes as well as CFU-GM and CFU-Mk colonies in the bone marrow and/or the spleen (Figure 2 , C-G, Supplemental Figure 3 , and Supplemental Figure 4 , B-F). Compound Gata1s/ Ts1Rhr mice show that Gata1 mutations synergize with partial trisomy to enhance the fetal megakaryocytic phenotype associated with Gata1s expression and to perturb adult hematopoiesis, emphasizing that dosage imbalance of these 33 specific genes is specifically correlated with abnormal megakaryopoiesis. Nevertheless, these 2 events are not sufficient to lead to leukemia in vivo.
Trisomy is functionally implicated in DS-AMKL establishment. We next asked what the functional impact of trisomy 21 in a more complex disorder is. Given that human DS-AMKL has at least 3 known genetic abnormalities, we attempted to reproduce the leukemia in mice by adding a third oncogenic event to the Gata1s/Ts1Rhr background. Since MPL and JAK2/3 mutations have been identified in human AMKL specimens (18, 34, 35) , we overexpressed these constitutively active mutant proteins in bone marrow cells from wild-type, Gata1s knockin, Ts1Rhr, or Gata1s/Ts1Rhr mice by retroviral transduction. To assess the specific impact of a trisomic cellular context on leukemia establishment, we used 6-to 8-month-old bone marrow donor cells, since no apparent phenotype was observed among the 4 different backgrounds. We discovered that 3 genetic events -trisomy for 33 orthologs of Hsa21 genes, Gata1 mutation, and expression of MPLW515L -are sufficient to cause a rapid and fatal leukemia in recipient mice (median survival, 27 days) ( Figure 3A ). The disease in the triple mutant mice was characterized by the presence of peripheral thrombocytosis and a profound bone marrow fibrosis ( Figure 3B and Supplemental Figure 5B ). Whereas there was no apparent change in spleen size (Supplemental Figure 5C ), Gata1s/Ts1Rhr/W515L recipient mice have an effacement of the splenic architecture, due to infiltration by densely fibrotic tumor nodules comprised of megakaryoblasts and immature megakaryocytes ( Figure 3 , C and D, and Supplemental Figure 5D ). Flow cytometric analyses of splenic cells confirmed the presence of the megakaryoblastic phenotype seen 4 weeks after transplantation, compared with a variable neutrophilic disease in the single or double mutant mice ( Figure 3E and data not shown). As determined by Southern blot analyses, the megakaryoblastic phenotype we observed in the spleen of moribund recipient mice is an oligoclonal disorder (Supplemental Figure 6 ). Interestingly, spleen sections from moribund mice revealed that Gata1s/Ts1Rhr/ W515L mice exhibit less infiltration by mature megakaryocytes than mice transplanted with wild-type, Ts1Rhr, or Gata1s bone marrow cells overexpressing MPL W515L (Supplemental Figure  5E ). Liver sections from the mice with all 3 genetic abnormalities also demonstrated a substantial megakaryocytic infiltration (Supplemental Figure 5F ). Moreover, we observed that MPL W515L overexpression results in an increased hematocrit in Ts1Rhr bone marrow cells, associated with an increased Ter119-positive population, and induces anemia and thrombocytosis when coupled with Gata1s (Supplemental Figure 5A , Figure 3B , and data not shown). Due to the failure associated with the rapid and profound marrow and spleen fibrosis, we failed to transplant this DS megakaryoblastic leukemia (DS-MkL) in secondary recipients. We separately overexpressed JAK3 A572V, another mutation associated with DS-AMKL, in the 4 different backgrounds and found that it cooperates with Gata1s and Ts1Rhr to lead to a fatal hematopoietic disorder in vivo (data not shown). However, as seen in previous bone marrow transplantation studies (36) , expression of JAK3 A572V caused a hematolymphoid disorder characterized by a proliferation of CD8 + T cells and megakaryocytes (Supplemental Figure  7) . Taken together, these data demonstrate that 3 genetic events are sufficient to lead to a DS-MkL. To date, we believe that this is the first murine model of megakaryoblastic leukemia involving trisomy 21, narrowing down the list of Hsa21 leukemia predisposing/promoting genes to 33 candidates and providing us with an in vivo platform to identify novel dysregulated targets/pathways associated with abnormal megakaryopoiesis. Functional screening of the trisomic genes implicated in DS-AMKL. To gain insights into the specific Hsa21 genes that promote DS-AMKL, we designed an shRNA-based screening assay to assess the effects of reducing expression of individual genes on cell cycle, survival, CD41 expression, and enforced differentiation of human megakaryoblastic leukemia cells ( Figure 4A ). Although this strategy does not address the role of trisomy 21 outside the megakaryocyte lineage, the fact that Ts1Rhr mice and human fetuses with trisomy 21 show prominent expansion of megakaryocytes relative to that of other lineages (21) suggests that careful analysis of the role of Hsa21 genes in megakaryocytes is warranted. In addition to the 33 human orthologs of the Ts1Rhr trisomic genes, we selected other potential candidate genes based on human segmental trisomy studies and gene set enrichment analysis (GSEA) from available DS-AMKL gene expression profiles (26, 32, 37) . We found that 32 out of the 50 selected genes were expressed in human DS-AMKL cell lines CMY and CMK ( Figure 4B and data not shown). To analyze and select candidate genes, we normalized the raw value observed for each shRNA on the scramble control, calculated the average and SDs from all normalized data, and excluded every variation contained in ±2 SD for statistical and significant purposes. Under this stringent selection, we did not find significant variations in survival, cell cycle, or endogenous expression of CD41 by partial knock down of those 32 expressed genes ( Figure 4B and data not shown). However, we found that knock down of 4 genes that are included in the DSCR -ERG, DYRK1A, CHAF1B, and HLCS -led to significant differences (>2 or <2 SDs from the mean) in TPA-induced differentiation and polyploidization of both CMY and CMK human DS-AMKL cell lines ( Figure 4 , C and D, and Supplemental Figure 8 ). Whereas DYRK1A and CHAF1B knock down showed a significant effect, with a modest knockdown efficiency (38% and 41%, respectively, in CMK), the functional implication of HLCS through dosage imbalance remains unclear (71% knockdown efficiency).
Since DS-AMKL encompasses only one subtype of megakaryocytic leukemia, we wondered to what extent the trisomic genes contributed to other forms of AMKL. Since the specific region has been specifically linked to DS leukemogenesis in murine (Ts1Rhr) and human specimens (32), we looked for a gene expression signature of the DSCR genes in DS-AMKL, assuming that those genes are not altered through other genetic abnormalities in non-DS-AMKL specimens. GSEA of genes contained in the human DSCR revealed that this entire region is moderately enriched in DS-AMKL compared with that for non-DS-AMKL ( Figure 5A ). However, DYRK1A and CHAF1B are among the top-ranked genes that are specifically enriched in the DS-AMKL subgroup, whereas HLCS and ERG are more widely expressed in all types of human AMKL ( Figure 5B ). Of note, HMGN1 and MORC3 are also enriched in DS-AMKL from 2 independent data sets, but shRNAs targeting either of those genes had no effect on CMY cell differentiation or polyploidization ( Figure 4C ). Careful analysis of DYRK1A and CHAF1B expression levels in different leukemic samples revealed that both are significantly overexpressed in DS specimens (including DS-AMKL and TMD) compared with those in non-DS-AMKL and/ or pediatric AML ( Figure 5C ). HLCS is moderately overexpressed in DS-AMKL. Interestingly, ERG appeared to be more enriched in non-DS-AMKL than in DS specimens ( Figure 5C ). Finally, we observed an increased expression of DYRK1A, CHAF1B, and HLCS in megakaryocytes derived from human trisomic fetal livers (Supplemental Figure 9A ).
DYRK1A is a megakaryoblastic tumor-promoting gene that cooperates with Gata1s. Since ERG is a known oncogene and has been extensively studied in human and animal abnormal megakaryopoiesis (29, 38) , we focused our studies here on DYRK1A (a serine/threonine kinase), CHAF1B (a chromatin assembling factor), and HLCS (an enzyme that catalyzes biotin binding to carboxylases and histones), whose functions in hematopoiesis have not been yet reported. We first assessed expression of Dyrk1a, Chaf1b, and Hlcs in our murine model of DS-AMKL. Although it appears that they were all moderately overexpressed in megakaryocytes derived from Ts1Rhr and Gata1s/Ts1Rhr bone marrow cells, only Dyrk1a was significantly enriched in moribund Gata1s/Ts1Rhr/MPL W515L recipient mice (Supplemental Figure 9 , B and C, and Figure 6A ). In ex vivo assays using murine bone marrow cells, Dyrk1a overexpression induced robust expansion of low ploidy CD41-positive megakaryocytes ( Figure 6 , B and C), whereas CHAF1B or HLCS overexpression produced a less potent induction of megakaryopoiesis. Of note, the megakaryoblastic effect of Dyrk1a was enhanced in Gata1s mutant progenitors, arguing for functional cooperation between these proteins in bone marrow ( Figure 6, C and D) . Although Dyrk1a overexpression increased CD41-positive megakaryocytes in wild-type fetal liver cultures, we did not observe an enhancement in Gata1s FL cells, likely due to the profound enhanced megakaryopoiesis in mice of this genotype (data not shown). To test whether DYRK1A kinase activity is required for the megakaryoblastic phenotype, we overexpressed a catalytically inactive mutant, Dyrk1a-K179R (39), in wild-type or Gata1s mutant bone marrow cells. Dyrk1a-K179R failed to support a substantial expansion of CD41 + /CD42 + cells in either the wild-type or Gata1s mutant background ( Figure 6D ).
To determine whether the elevated megakaryoblastic proliferation driven by GATA1s and trisomy requires elevated expression of Dyrk1a, we first attempted to mate Ts1Rhr mice with Dyrk1a knockout mice (40) but could not obtain Dyrk1a disomic offspring to analyze hematopoiesis and reproduce our multistep pathogenesis, probably due to the breeding deficiencies associated with Dyrk1a +/mice. Next, we cultured Ts1Rhr and Gata1s/ Ts1Rhr bone marrow cells with either a Dyrk1a-targeting shRNA or harmine, a small-molecule inhibitor of DYRK1A kinase activity (41) . Knockdown of Dyrk1a reduced the proportions of megakaryocytes expanded from both genotypes ( Figure 6E ). In parallel, we established murine cell lines by overexpression of MPL W515L in Gata1s and Gata1s/Ts1Rhr progenitor cells, which partly reproduced the surface markers expression phenotype observed in our triple mutant mice (Supplemental Figure 10C ). Growth of the trisomic Gata1s/Ts1Rhr/MPL W515L megakaryoblastic cell lines was sensitive to harmine inhibition, while euploid Gata1s/ MPL W515L cells were not ( Figure 6F ). Furthermore, proliferation of human DS-AMKL cell lines was more sensitive to harmine treatment than non-DS human cells ( Figure 7A ). In addition, we verified that 5 μM harmine treatment recapitulated the phenotype observed with DYRK1A knockdown during TPA-induced megakaryocytic differentiation (Figure 4 , C and D, and Figure  7B ). Taken together, harmine inhibition and Dyrk1a knockdown experiments both confirm that DYRK1A is required for excessive expansion of trisomic megakaryoblasts.
DYRK1A dosage imbalance alters the calcineurin/nuclear factor of activated T cells pathway in DS-AMKL. DYRK1A regulates multiple cellular processes through the phosphorylation of several substrates, including nuclear factor of activated T cells (NFAT) (30, 42) . To identify targets of DYRK1A in megakaryoblasts, we performed global expression analysis of harmine-treated and DYRK1A shRNA-infected human DS-AMKL cell lines during TPA-induced differentiation. We identified 325 genes whose expression was commonly dysregulated ( Figure 7C ). Ingenuity pathway analysis revealed that the reduced activity of DYRK1A was associated with expression changes in 2 known DYRK1A target pathways, NFAT and TP53 ( Table 2 ). Since NFAT factors have been implicated in megakaryopoiesis (43, 44) and because dosage imbalance of Dyrk1a has been functionally correlated with common disorders of DS through NFAT pathway alteration (40, 45, 46) , the calcineurin/NFAT signaling pathway is an enticing candidate pathway for development of DS-AMKL. Phosphorylation of NFAT by DYRK1A leads to nuclear export of activated NFAT factors and the subsequent inhibition of their transcriptional activity. To begin dissecting the DYRK1A-regulated NFAT activity in megakaryocytes, we first correlated the increased expression levels of DYRK1A to NFATC2 and NFATC4 in megakaryocytes derived from Ts1Rhr and Gata1s/Ts1Rhr mice as compared with those from euploid littermates (Figure 7 , D and E). To our surprise, it appears that trisomic cells had an increased expression of NFATC2 and NFATC4. However, we correlated increased phosphorylation of NFATC2 transcription factors to the DYRK1A overexpression in Ts1Rhr cells, consistent with reduced NFAT signaling in DS. The activity of DYRK1A on NFAT transcription factors is opposed by the phosphatase calcineurin, which promotes the dephosphorylation/activation of the NFAT factors and their subsequent nuclear translocation. Thus, we predicted that treatment of cells with cyclosporine A, an inhibitor of calcineurin, would give the opposite phenotype as that of harmine treatment. To ensure the functional correlation between Dyrk1a overexpression and NFAT signaling inhibition, we cultured Gata1s/MPL W515L and Gata1s/Ts1Rhr/MPL W515L cells with 1 μM cyclosporine A and found that euploid cells were significantly more sensitive to growth inhibition than trisomic cells ( Figure 7F ). Finally, we investigated the effect of cyclosporine A on derivation of megakaryocytes from Ts1Rhr mice and show that Dyrk1a knockdown trisomic cells were more sensitive than the control infected bone marrow cells ( Figure 7G ). These results are consistent with the model that DYRK1A modulates megakaryoblastic expansion through the inhibition of the calcineurin/NFAT pathway in DS-AMKL.
Discussion
Here we show using a mouse model of 3 oncogenic events that trisomy of 33 gene orthologs of Hsa21, a GATA1 mutation, and a MPL mutation are sufficient to induce DS-MkL in vivo ( Figure  8 ). Moreover, we identified DYRK1A as a potent megakaryoblastic tumor-promoting gene in the DSCR. DYRK1A has a role in embryonic stem cell fate regulation in DS (47) , and dosage imbalance of the murine Dyrk1a gene is functionally correlated with heart and neurological disorders, similar to those seen in patients (40, 45, 46) . Recently, Dyrk1a, together with another chromosome 21 ortholog, Dscr1, were shown to markedly diminish angiogenesis, resulting in a suppression of tumor growth (3), as observed in patients with DS. Although the DSCR1 gene does not appear to be overexpressed in DS-AMKL, and its knockdown did not reveal significant variations in our screening, it is remarkable to note that the same genes at dosage imbalance can be tumor suppressors or tumor promoters in a context-dependent manner. Based on our studies, we conclude that the differential effects of alterations in pathways downstream of these genes likely account for the discrepancy between solid tumor inhibition and leukemia predisposition in DS (3) (4) (5) (6) .
We and others have previously shown that the Hsa21 ETS protein ERG is a megakaryocytic oncogene that cooperates with GATA1 mutations to enhance megakaryopoiesis (29, 38, 48) . Interestingly, our study shows that the ERG oncogene is not enriched in DS-associated leukemia compared with that in other pediatric AML specimens ( Figure 6B ). More surprisingly, ERG appears to be overexpressed in non-DS-AMKL. Of note, previous studies have shown that ERG is not specifically overexpressed in trisomic fetal livers compared with that in euploid ones (21) . The same observa-tion has been reported for another known oncogene of the chromosome 21, RUNX1 (21, 26) , although, unlike Erg, Runx1 trisomy does not seem to be implicated in the myeloproliferative disorder developed by the Ts65Dn mice (23, 27) . Those observations might reflect a higher ERG overexpression in non-DS-AMKL driven by other genetic abnormalities, whereas a low, increased ERG expression in DS leukemia could be sufficient to cooperate with other trisomic genes, as demonstrated in our study, such as DYRK1A, CHAF1B and/or HLCS. Since ERG overexpression has been associated with various types of cancer (49) and recently correlated with promotion and maintenance of T acute lymphoblastic leukemia (50, 51) , additional experiments will be required to ensure that ERG trisomy is directly implicated in DS-AMKL as opposed to oncogenesis in general.
Our screening strategy identified 4 Hsa21 genes as candidates to promote excessive megakaryopoiesis. Although we believe that these genes represent strong candidates for the megakaryocytic phenotype, trisomy of these genes or others may also be responsible for promoting B cell acute lymphocytic leukemia and for altering hematopoietic stem and progenitor cell expansion and/or survival in such a way as to promote tumorigenesis. Future studies to uncover Hsa21 genes that contribute to other aspects of DS leukemogenesis are needed.
We identified Dyrk1a as a prominent megakaryoblastic tumorpromoting gene of the human DSCR. Although we were not able to genetically engineer the Ts1Rhr/Dyrk1a +/+/background by using Dyrk1a knockout mice (40) , several lines of evidence support a direct and specific role of DYRK1A dosage imbalance in leukemic predisposition in DS. First, overexpression of Dyrk1a cooperates with GATA1s expression to markedly increase proliferation of megakaryoblasts/immature megakaryocytes. Second, Dyrk1a knockdown decreases the megakaryocytic expansion seen in trisomic mice. Third, inhibition of DYRK1A activity with a smallmolecule kinase inhibitor affects megakaryoblastic proliferation from trisomic progenitors to a much greater extent than that from euploid cells. Finally, DYRK1A expression is markedly and specifically upregulated in both human and murine DS-AMKL cells. This latest observation correlates with a recent study showing that DYRK1A is upregulated in trisomic fetal livers and is predicted to be a new potential biomarker for screening DS fetuses. Interestingly, it has been shown that the transcription factor E2F1 increases DYRK1A expression by enhancing promoter activity (52) . Added to the recent observation that GATA1s protein failed to repress E2F target genes (53) , this might lead to a further increased Dyrk1a expression and potentially explain the cooperation we observed in the Gata1s background and account for the DYRK1A enrichment observed in TMD and DS-AMKL compared with that in non-DS-AMKL and pediatric AML.
The DYRK kinase family is part of the CMGC group, which also includes mitogen-activated protein kinases (MAPKs), cyclindependant kinases (CDKs), glycogen synthase kinases, and CDK-like kinases (42) . Unlike, MAPKs regulated by upstream protein kinases, catalytic activation of DYRK proteins occurs by autophosphorylation, which appears to occur by an intramolecular reaction immediately after translation (54) . Since DYRK kinases always appear to be in a catalytically active state, their function is thought be controlled by changes in expression levels. Thus DYRK1A dosage imbalance is predicted to directly alter the regulation of its targets. Here we show that increased DYRK1A dosage in trisomic megakaryocytes is linked to an inhi- bition of NFAT factors activation. Interestingly, whereas the calcineurin/NFAT pathway has been shown to favor lymphoid leukemia progression (55) , its inhibition has been associated with a megakaryocytic accumulation, through the overexpression of the immunophilin FKBP51 in idiopathic myelofibrosis (56) . Since the calcineurin/NFAT pathway has been shown to be active in megakaryocytes (43, 44, 57) , those results emphasize its functional implication in this lineage. Interestingly, our data also show that murine trisomic cells have an increased expression of NFATC2 and NFATC4 transcription factors, leading that the hypothesis that calcineurin/NFAT signaling may be altered through multiple processes in our murine model. Of note, NFATC4 also appears to be overexpressed in human DS-AMKL compared with that in non-DS-AMKL (data not shown). We also observed a modest enrichment of the calcineurin pathway in non-DS-AMKL compared with that in DS-AMKL but failed to find a NFAT signature using these gene expression analyses, probably due to the fact that most of the known NFAT target genes have been identified in cardiac and T cells. Additional experiments will be required to establish the functional implication of this pathway in human DS-AMKL and understand how NFAT factors expression is regulated during normal and pathologic megakaryopoiesis.
Although our murine model reproduced most of the human DS-AMKL pathogenesis, we only observed slight variations in the fetal liver, which does not account for the TMD phenotype commonly seen in humans with DS. While this discrepancy may reflect species-specific differences, there are several other possible explanations. For example, the difference may be due to the absence of trisomic genes, miRNAs (such as miR125b-2) (58), or regulatory elements that act during fetal hematopoiesis. Interestingly, Carmichael et al. described clonogenicity and HSC function impairment in the Ts1Cje murine model that we did not observe in the Ts1Rhr background (24) . While this discrepancy could be related to experimental design, it may also emphasize the possible contribution of trisomic genes outside of the DSCR to this hematopoietic phenotype. Only a few trisomic genes in the Ts1Cje mice, but not in the Ts1Rhr mice, have a known function in fetal hematopoiesis. Among them, however, Runx1 appears to be a relevant candidate, because its dosage imbalance has been associated with abnormal HSC function during fetal hematopoiesis and, more recently, with the increased c-KIT and GATA2 expression in human DS fetal livers (59, 60) . Other than Runx1, genes to consider include Dscr1, Sod1, and Son. Alternatively, the failure to fully recapitulate the human fetal phenotype may be due to a requirement for additional genetic abnormalities that do not spontaneously appear in mice. In line with these hypotheses, neither DYRK1A nor CHAF1B overexpression appears to specifically cooperate with fetal GATA1s expression, unlike our observations in adult progenitors, arguing for a time-and/or context-dependent cooperation in mice.
Through a retroviral integration mutagenesis strategy, Klusmann et al. showed that aberrant expansion of fetal, but not adult, megakaryocytic progenitors is dependent on IGF (53) . This study emphasized the fetal origin of the target cell for transformation in DS-AMKL but did not address the requirement of trisomy 21, the initiating event of DS-leukemogenesis. We believe that our study is the first to address the functional requirement of trisomy 21 in the transformation process of Gata1sand/or MPL W515L-expressing progenitors. Additional experiments will be required to address the fetal origin of the human disorder and to determine the IGF and calcineurin/NFAT signaling effects in trisomic Gata1s-expressing fetal liver progenitors. The absence of a fetal disease in our DS-AMKL model is not unprecedented, as mouse models of MLL rearrangements, which have their origins in the fetus, consistently develop adult not fetal leukemia. Our study also specifically links trisomy for the 33 genes in the Ts1Rhr mice to the previously reported red blood cell phenotype observed in Ts65Dn, Ts1Cje, and Tc1 partially trisomic murine models (23) (24) (25) . Interestingly, we observed a functional cooperation of Ts1Rhr with MPL W515L, leading to a leukocytosis and an increased hematocrit and increased Ter119 + cells in recipient mice (S. Malinge and J.D. Crispino, unpublished observations). These observations are in agreement with the enhanced expression of erythroid markers observed in DS-AMKL compared with that in non-DS-AMKL (26, 37) .
Harmine, an inhibitor of DYRK1A kinase activity, altered the polyploidization of megakaryocytes established from murine and human primary cells in vitro (L. Diebold and S. Malinge, unpublished observations). Interestingly, the human AMKL cell line CHRF, established from a patient with an acquired trisomy 21, was sensitive to harmine in the same range as that of both of our DS-AMKL cell lines ( Figure 7A ). We also observed that pediatric AMKL samples with acquired trisomy 21 and GATA1 mutations were associated with DYRK1A overexpression (data not shown). These observations suggest that our study has broader significance, since trisomy 21 is one of the most common cytogenetic abnormalities seen in hematological malignancies. Moreover, the in vivo model of multistep DS leukemogenesis that we established will be a powerful tool to develop new small-molecule inhibitors of DYRK1A activity and assess new potential therapy for DS-AMKL. (15, 31) and genotyped using Ts1Rhr-F 5′-CCGTCAGGACATTGTTGGA-3′ with Ts1Rhr-R 5′-CCGTAACCTCTGCC-GTTCA-3′ and 5G1-7762 5′-GGGACAAAGGATGATGGAAGAAGAC-3′ with 3G1-8739 5′-GGTCTTCCTACAATAGTCTCTTGC-3′ for knockin Gata1s and 5G1-7762 with Gata1-ex3R 5′-TGCATCCAAACCCTCTGGC-3′ for the Gata1 wild-type locus. Peripheral blood (CBC) and flow cytometry analyses were performed at the specific time points indicated in the manuscript using Hemavet HV950FS (Drew Scientific) and BD LSRII, respectively. Murine cell populations were analyzed using Mac1-PE, Gr1-APC, Kit-PerCP-Cy5.5, CD41-PE, CD45. Plasmids. Murine Dyrk1a and human CHAF1B and HLCS cDNAs were amplified from the Y10 murine megakaryocytic cell line and human DS-AMKL cells, respectively, and then subcloned into the MSCV-IRES-EGFP (Migr) plasmid for overexpression studies. The K179R mutation was done with the QuikChange Site-Directed Mutagenesis Kit (Stratagene, no. 200518) according to the manufacturer instructions and subcloned to the Migr plasmid. The murine Dyrk1a shRNA was subcloned from the pSM2c vector (Open Biosystem) into the GFP-containing Banshee for retroviral production (61) .
Murine megakaryocyte cultures, overexpression, and knockdown studies. Whole bone marrow cells were infected twice by retroviruses (Migr-Dyrk1a, Migr-Dyrk1a K179R, Migr-CHAF1B, and Migr-HLCS) for overexpression studies or by Banshee constructs containing shRNA Dyrk1a (Open Biosystem, from pSM2c no. V2MM_25405) for knockdown experiments, and cells were then resuspended in RPMI containing 10% FBS, penicillin-streptomycin, l-glutamine, 1 μM cortisol (Sigma-Aldrich, no. H6909), 10 ng/ml mouse IL-3 (mIL-3), 5 ng/ml mIL-6, and mouse SCF (mSCF) supernatant. On day 3, infected cells were cultured in RPMI1640, penicillin-streptomycin, l-glutamine, 10% FBS, 10 ng/ml mouse thrombopoietin (mTPO), and mSCF supernatants for an additional 3 days to promote megakaryocytic differentiation. After culture, cells were stained for flow cytometry experiments or separated by a BSA gradient (3%, 1.5%) for RNA extraction. Splenic megakaryocytes were enriched using CD41-PE antibody (BD Biosciences, no. 558040) and PE Selection Kit (StemCell Technology, no. 18551) for RNA or protein extraction.
Bone marrow transplantation. Bone marrow transplant experiments of JAK3 wild-type, JAK3 A572V, MPL wild-type, and MPL W515L overexpression were performed as described previously (18, 19) . JAK3 and MPL constructs were provided by D.G. Gilliland (Brigham and Women's Hospital, Boston, Massachusetts, USA) and R. Levine (Memorial Sloan-Kettering Cancer Center, New York, New York, USA), respectively. Briefly, whole bone marrow cells were harvested from 6-to 8-month-old wild-type, Ts1Rhr, Gata1s,
Figure 8
Schematic representation of the multistep pathogenesis model of murine DS-MkL and phenotypes associated with the presence of the partial trisomy. Trisomic genes associated with each step in murine (blue) and human samples (green) are indicated below. Note that DYRK1A (underlined) is the only trisomic gene overexpressed at each step in both species. Triangles represent the third hit (MPL W515L in this study). KI, knockin; T21, trisomy 21, X, GATA1 mutation.
or Gata1s/Ts1Rhr (Ly5.2) donor mice at day 0, lysed for red blood cells for 5 minutes with ammonium chloride solution (StemCell Technology, no. 07850), washed with PBS, and then resuspended overnight in RPMI1640 containing 10% FBS, cortisol (Sigma-Aldrich, no. H6909), 10 ng/ml mIL-3, 5 ng/ml mIL-6, and mSCF supernatant. On day 1, cells were spin infected at 1,400 g, 33°C, for 99 minutes and resuspended overnight in fresh media. On day 2, 0.5 to 1 × 10 6 cells were spinoculated, resuspended for 5 hours in fresh media, and then injected through the retro-orbital vein into lethally irradiated Ly5.1 recipient mice (2 × 5.5 Gy). Proviral integration and clonality were assessed by Southern blot using 10 μg genomic DNA extracted from splenocytes (Puregene) from moribund mice, digested by BamH1, subjected to electrophoresis, and hybridized with an EGFP probe according to the standard protocols.
shRNA based screening. Trisomic genes of interest were first screened for their expression in the human CMK and CMY DS-AMKL cells lines. Primer sequences used for the screening are shown in Supplemental Table 1 . The expressed genes were then knocked down using pGIPZ shRNA purchased from Open Biosystem (Thermo Scientific) (Supplemental Table 2 ). Lentiviral particles were produced according the manufacturer's instructions using psPAX2 (gag-pol) and pMD2.G (encoding VSV-G) helper vectors, and CMY cells were submitted to 2 rounds of spinoculation. On day 2, GFPpositive cells were incubated with 0.5 μg/ml Hoechst33342 (Invitrogen, no. H3570) for 90 minutes and/or stained with AnnexinV-PE (BD Biosciences, no. 556421) and CD41-APC (BD Biosciences, no. 559777). Infected cells were selected with 1 μg/ml puromycin for 4 days and expanded for additional 6 days prior to RNA extraction or were cultured in the same media, RPMI1640, 10% FBS, penicillin-streptomycin, and l-glutamine with 100 nM TPA, to chemically induce megakaryocytic differentiation. Cells were then stained for differentiation markers CD41 and CD42 (BD Biosciences, no. 551061) and DAPI to measure DNA content.
Immunohistochemistry. Tissues were fixed for 24 hours in 10% formalin (Sigma-Aldrich, no. HT501320) and then placed in 70% ethanol prior paraffin embedding. Tissue sections were stained with anti-human von Willebrand factor, H&E, or reticulin. Briefly, tissue sections were deparaffinized and incubated for 20 minutes in target retrieval buffer (10 mM Tris, 1 mM EDTA, pH 9.0). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 minutes. Tissue sections were blocked with normal serum from the VECTASTAIN ABC Elite Kit (Vector Laboratories, no. PK-6101) for 20 minutes before incubation overnight at 4°C with anti-human Von Willebrand Factor (1:1,200; Dako, no. A0082). Secondary biotinylated antibody and VECTASTAIN Elite ABC Reagent (Vector Laboratories) were applied as per manufacture directions. Positive cells were detected using diaminobenzidine (Sigma-Aldrich, no. D5905). All tissue sections were counterstained with Harris hematoxylin (Sigma-Aldrich, no. HHS16).
Cell lines, reagents, and Western blotting. Human cell lines (CMK, CMY, CMS, CHRF, and K562) were cultured in RPMI1640, 10% FBS, penicillin-streptomycin, and l-glutamine. The murine cell lines Gata1s/MPLW515L and Gata1s/Ts1Rhr/MPLW515L were established by MPL W515L infection of Lin-negative bone marrow cells, selected for 4 days with 1 μg/ml puromycin, and cultured in complete RPMI, 1 μM cortisol, 10 ng/ml mIL-3, 5 ng/ ml mIL-6, 5 ng/ml mTPO, and mSCF supernatant. Harmine hydrochloride inhibitor (MP Biomedicals, no. 210554) and cyclosporine A (Sigma-Aldrich, no. C3662) were incubated with human or primary murine cells for 3 days prior further analysis. Protein pellets were solubilized in 10 mM TRIS/HCl (pH 7.5), 1% Triton X-100, 20% glycerol, 5 mM EDTA, 50 mM NaCl, 50 mM NAF, 1 mM Na3OV4, and Complete lysis buffer; separated on a Bis-Tris polyacrylamide gel (Invitrogen); and transferred to a PVDF membrane (Millipore). Antibodies were anti-PhosphoSer326-NFATc2 (no. sc-32994), anti-NFATc2 (no. sc-7296), anti-NFATc4 (no. sc-13036), and anti-Hsc70 (no. sc-7298) (all from Santa Cruz Biotechnology) and anti-DYRK1A (Abnova, no. H00001859-M01).
Statistics. Data are shown as mean ± SEM or SD as denoted. P values were calculated using the Student's t test (2 tailed). P ≤ 0.05 was considered to be significant.
Study approval. All animal experiments were approved by the Northwestern University Animal Care and Use Committee.
